We present the results of extensive numerical off-lattice Monte Carlo simulations of semiflexible block-copolymer chains adsorbed onto flat homogeneous surfaces. We have compared the behavior of several chain structures, such as homopolymers, diblocks, ͑A ␣ B ␣ ͒ block copolymers, and random heteropolymers. In all the cases studied, we have found the adsorption process to be favored with an increase of the chain rigidity. Particularly, the adsorption of diblock structures becomes a two-step process characterized by two different adsorbing temperatures that depend on the chain stiffness , the chain length N, and the adsorbing energies ⑀ A and ⑀ B . This twofold adsorbing process changes to a single one for copolymers of reduced block size ␣. Each block of the stiff copolymer chain is found to satisfy the classical scaling laws for flexible chains, however, we found the scaling exponent to depend on the chain stiffness. The measurement of the radius of gyration exhibits a typical behavior of a polymer chain composed of N / l p blobs whose persistence length follows l p ϳ͑ / k B T͒ 0.5 for large stiff chains.
I. INTRODUCTION
Polymer adsorption has been a topic of great experimental and theoretical interests due to its enormous number of applications in science and technology. These applications cover the stabilization of colloidal suspensions, adhesion, gel permeation, chromatography, etc. It is a characteristic feature of all these systems that their physical properties are mediated by the interaction between polymer molecules and an impenetrable surface. The bulk conformational properties of these polymer chains are strongly modified in contact with the surface due to a subtle competition between the loss of entropy at the surface and the gain of internal energy.
In the last decade, a large number of theoretical studies have been devoted to the adsorption of flexible homopolymers, [1] [2] [3] [4] [5] [6] [7] diblock copolymers, [8] [9] [10] AB-type alternating copolymers, [11] [12] [13] and random copolymers. [14] [15] [16] 19 In turn, the adsorbing surface has been considered as flat and homogeneous [1] [2] [3] [4] [5] [8] [9] [10] [11] [12] [13] [14] [15] [16] or heterogeneous, 6, 7, 17, 18 including regions with a random distribution of adsorption energies.
However, many polymers are rigid up to a certain extent due to steric and electronic delocalization effects. Few important examples of such stiff chains are found in synthetic macromolecules and specially in biology, just to mention, DNA, collagen, microtubules, and actin filaments. 19 On a local length scale, the stiffness is very prominent and it is expected to produce significant changes in the macromolecular properties. Among the many significant phenomena induced by the polymer stiffness we can mention the nematic liquid-crystalline ordering of semiflexible polymer segments.
The constrained rotational motions of the monomers about the chain backbone make the use of conventional models developed for flexible chains inadequate. The statistical mechanics of such chains was first formulated by Kratky and Porod, 20 about 50 years ago, and it is still considered as a nontrivial problem. In contraposition to flexible chains, the number of studies devoted to stiff polymer chains is scarce and focused on the behavior of homopolymer structures. [21] [22] [23] [24] [25] Copolymer adsorption onto surfaces has become recently a topic of great interest in the design of novel bloodcontacting materials for medical implants and bioaffinity sensors. 26, 27 The adsorption of copolymeric chains has also found applications in nanotechnology. For instance, pluronic triblock copolymers are used in order to activate external wall carbon nanotubes and, at the same time, to prevent nonspecific bounding of molecules onto nanotube surfaces. 28 Such coated nanotubes are the basis for the design of highly specific electronic biosensors. Furthermore, copolymer absorption plays an important role in the design of dynamic polymeric wall coatings for capillary electrophoresis. 29 Polymer properties help to create an ideal wall coating with a notorious impact on the electro-osmotic flow capabilities.
The purpose of the present paper is to study how the adsorption properties of stiff polymers are modified when the chain structure is changed and to examine whether the universal scaling laws apply in these systems. We will present the results of extensive off-lattice Monte Carlo simulations of semiflexible block-copolymer chains adsorbing onto flat homogeneous surfaces. The polymer will contain two types of monomers A and B forming blocks of different sizes that interact with the surface with energies ⑀ A and ⑀ B , respectively. Besides the block size, we will characterize the adsorption process as a function of the chain rigidity and the chain length. Our simulations are single chain. Although ap-plications usually involve many interacting chains at the surface, the adsorption of isolated chains provides a valuable benchmark for studies of many-chain systems and is directly relevant to a number of emerging single-molecule approaches to molecular genomics. 30, 31 The rest of the paper is organized as follows: in Sec. II we describe the numerical model, in Sec. III we present the results for diblock semiflexible chains and block-copolymer structures, and Sec. IV concludes with a brief summary and a discussion of the results.
II. NUMERICAL MODEL
We have studied the adsorption of a semiflexible blockcopolymer chain onto a homogeneous surface using offlattice Monte Carlo simulations. We have considered the polymer chain to be confined in a unit box with periodic boundary conditions in the x-y domain. The length of the cell is chosen to be at least twice the chain length N, and an impenetrable planar surface is set at the plane z = 0. The polymer chain is represented by a pearl-necklace model 32 containing N beads of diameter .
The stiffness of the polymer chain is usually characterized by the arclength over which the tangential correlations of the contour decay to 1 / e and it is commonly referred as the persistence length l p . In other words, it can be considered as the distance over which the polymer chain is stiff. We introduce the stiffness through the bending potential U bend given by 33 
where is the bond angle between any three consecutive beads and is the bending constant. Monomers that are two or more beads apart interact through a steric hard-core potential of the form
where V is given by
Monomer units can be of type A or B and are distributed along the chain of length N according to the selected polymer structure. A diblock copolymer will be denoted by ͑A N/2 B N/2 ͒ and, in general, a block copolymer formed by ␣ monomers of type A followed by ␣ monomers of type B, repeating this sequence along the entire chain, by
Monomers of types A and B interact with the impenetrable surface at z = 0 with adsorption energies ⑀ A and ⑀ B , respectively. Thus, we define an adsorption potential U ads as
where n A and n B are the numbers of A-type and B-type monomers such that their z coordinate verifies 0 Ͻ z Ͻ . The total energy of the system will contain the above contributions and is written as
The initial configuration of the self-avoiding polymer is randomly generated with one monomer attached to the surface z = 0. Next, the polymer tried to move by randomly executing a repeating-type motion in a forward or reverse direction, or by selecting an individual monomer which position can be rotated around the axis connecting the previous and following monomers in the chain in an arbitrary angle between 0 and 2. Chain ends just perform random wiggling motions. Each move is accepted according to the standard Metropolis Monte Carlo algorithm: exp͑−⌬U / k B T͒ Ͼ , where 0 Ͻ Ͻ 1 is a flat random number. A link-cell method 34 has been implemented in the algorithm to efficiently check ⌬U.
At very high temperatures, or equivalently at low adsorption energies, the chain has a tendency to diffuse into the bulk. We prevent this by forcing the polymer to have at least one monomer attached to the surface. However, one does not expect any significant change in the statistical properties of the adsorbed chain at low temperatures. We define one Monte Carlo step ͑MCS͒ as N trials to move the chain. The system has been equilibrated for 5 ϫ 10 5 MCSs. Subsequently, the number of monomers in contact with the surface is evaluated every ten MCSs. The results have been finally averaged over 10 6 measures. In the case of random AB copolymers, additional averages over ten different sequences have been performed. For the rest of the paper we have taken = 1.0. The temperature is given in units of 1 / k B , hence T ϵ k B T.
III. RESULTS AND DISCUSSION

A. Diblock chains
In this section we will focus in the study of the behavior of stiff diblock-polymer chains adsorbing onto a planar surface. A diblock chain of length N consists in two segments of equal size N / 2, the first one composed of monomers of type A, followed by a second block containing monomers of type B. Monomers A and B interact with the surface with energies ⑀ A and ⑀ B , respectively. A negative adsorbing energy stands for an attractive interaction whereas a positive value implies repulsion. Through the simulations we have set ⑀ A = −1 and we have studied the transition towards the adsorbed state as a function of the chain length N, the stiffness parameter , and the interaction energy ⑀ B .
In Fig. 1 we have plotted the change in the absolute value of the averaged adsorbing energy per monomer The behavior observed for stiff diblocks is very similar to the one found for semiflexible homopolymers. 22, 23 Stiffer chains adsorb more easily onto the surface with increasing and, therefore, they are characterized by a higher critical adsorption temperature T c . The limiting values observed for T → ϱ correspond to a chain completely adsorbed onto the surface with ͉E͉ / N =1/2͉⑀ A + ⑀ B ͉. A remarkable difference with respect to the homopolymer adsorption becomes notorious for increasing chain lengths: the adsorption process becomes a two-step process. Since A-type monomers interact more strongly with the surface than B-type monomers, ͉⑀ A ͉ Ͼ ͉⑀ B ͉, block A adsorbs onto the surface at a higher characteristic temperature than block B, T cA Ͼ T cB , as can be seen in Fig. 1͑b͒ . These critical adsorbing temperatures are determined by the position of the maxima of the specific-heat data, as described below. For comparison, we have also included in Fig. 1͑b͒ the averaged adsorption energy of a homopolymer of equal length, composed with A-type monomers only, and with rigidities =0 ͑flexible͒ and = 30. We can observe that for stiff chains, the characteristic temperature at which the transition to the adsorbed state takes place for the homopolymer ͑A-type͒ is very similar to the one found for the block A in the diblock chain.
The effect of changing ⑀ B on the adsorption process is shown in Fig. 2 . The rest of parameters are set to N = 200 and = 30. For an attractive interaction ͑⑀ B Ͻ 0͒ the block B adsorbs onto the surface at a characteristic temperature that increases with the intensity of the interaction, as expected.
On the other hand, for ⑀ B ജ 0 the block B does not adsorb at all. Since the repulsion is short ranged, ⑀ B has no effect on the adsorption process and the system is dominated purely by entropic forces.
The characteristic adsorption temperatures at which the chain adsorbs onto the surface can be determined from the position of the maximum in the specific heat that is obtained by calculating the fluctuations of the energy. 
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an attractive interaction we can observe two maxima related to T cA and T cB . It is also clear that the adsorption transition becomes sharper as ͉⑀ B ͉ increases. We should remark that at a constant chain length and stiffness, the characteristic adsorption temperature for the block A is practically unaffected by tuning ⑀ B . To make clear the dependence of the transition temperature with the chain stiffness and the intensity of the interaction with the surface, we have plotted in Fig. 4 T c ͑N , , ⑀͒ as a function of the chain length N. The characteristic adsorption temperature is found to increase with the chain length and rigidity, as expected, and specially with the interaction with the surface, where the differences between T cA for ⑀ A = −1 and T cB with ⑀ B = −0.5 are remarkable even for the same stiffness . In order to examine the critical adsorption properties of semiflexible block copolymers, we will assume initially the scaling ansatz proposed by Kramarenko et al. for flexible homopolymers. 23 We have determined the critical adsorption temperature for N → ϱ, T c ͑ϱ , , ⑀͒, and using these values we have done a scaling analysis of the data for the fraction of adsorbed monomers ϵ n / N as a function of the scaling variable N
. n is the number of adsorbed monomers, N is the chain length, and = ͑T − T c ͑ϱ , , ⑀͒͒ / T c ͑ϱ , , ⑀͒ is the temperature distance to the critical temperature. For a given value of the stiffness and the interaction energy, the crossover scaling for the fraction of adsorbed monomers can be expressed as
In order to test our Monte Carlo method, we have derived first the results for flexible homopolymers. In this case, we obtained an exponent = 0.59± 0.02 in agreement with the well-known scaling exponent-found by Eisenriegler et al. 35 and de Gennes and Pincus, 36 also verified by Kramarenko et al. 23 This results is shown in the inset plot of Fig. 5 . However, for homopolymers with a large degree of stiffness we were unable to find the same scaling exponent. The best scaling exponent we have found for =30 is = 0.85± 0.05 ͑Fig. 5͒, far from the expected value for flexible chains. The fact that there can be a range of values of that do not change appreciably the scaling has been observed in the paper of Moghaddam et al. 12 studying the behavior of a self avoiding walk ͑SAW͒ copolymer onto a cubic lattice, thus, for small values of one could even scale the data with Ϸ 0.59 with no appreciable differences. 22 The situation changes completely for large . In this sense, Kuznetsov and Sung 5 showed that the deadsorbed-adsorbed transition for semiflexible polymers is an outcome of the interplay between the shape of the surface attraction, including the thickness of the adsorption layer, the thermal fluctuations, and the chain stiffness. This nonuniversal scaling behavior has been also evidenced in the work of Gompper, 37 where three distinct subregimes were expected due to the dependence of the scaling exponent with the potential shape acting on the monomers. Thus, a good scaling relation for semiflexible polymer chains must be a function of stiffness parameter and the adsorption energy ⑀. In general, in our simulations we observe that as the degree of stiffness increases, the best value for the critical exponent in order scale the data also increases.
In Fig. 6 we show the scaling of stiff diblock chains ͑ =30͒ with ⑀ A = −1 and ⑀ B = −0.5. In order to check whether the presence of blocks with different adsorbing energies might affect the value of the crossover scaling exponent, we have scaled, separately, each block introducing two different exponents, A and B , corresponding to the blocks with adsorbing energies ⑀ A and ⑀ B , respectively. We have found A = B = 0.80± 0.05. Only deviations are found for short polymer chains. These deviations could be originated in the perturbations near the junction point between the A and B blocks. In fact, we had to simulate larger polymer chains ͑up to N = 1000͒ to recover a result that is in agreement with the one found for a homopolymer of the same rigidity, supposedly to make such perturbations negligible.
In comparison with our results, a recent study of Whittington 11 deduced analytically for a lattice-flexible SAW, in the limit N → ϱ, that a homopolymer of N A monomers has the same critical adsorbing temperature T c than a block copolymer of N A monomers in which the B-type monomers interact with the surface with an energy ⑀ B =0. This result is in agreement with the outcome of Fig. 2 . Moreover, the value of T cA is practically unaffected by the presence of the block B in any case, and it is very close to the corresponding T c for a homopolymer composed of A-type monomers ͑see Fig. 3͒ . As a result, Whittington expected a same value of for these chain structures, only AB-alternating chains were an exception. This result is also in agreement with our findings ͑Fig. 6͒. Thus, our numerical results suggest that the findings of Whittington, derived for flexible chains, could be extended to stiff polymer chains, with a scaling exponent that depends on the interaction parameters, ͑͒, even in the case where ⑀ B 0.
In order to characterize the behavior of semiflexible polymer chains, another magnitude of interest is the radius of gyration. In Fig. 7 we show the components of the radius of gyration parallel and perpendicular to the adsorbing surface for chains with different rigidities. The adsorbing energies have been selected to be ⑀ A = −1 and ⑀ B = −0.5. It is clear from the picture that with increasing , the parallel component reaches to its maximum value and, accordingly, the perpendicular component drops to zero ͑the polymer is fully adsorbed͒, at earlier times, that is, at higher temperatures. The two different blocks also display a different behavior due to the different adsorbing energies. The higher ͉⑀͉ the higher is the temperature at which the block adsorbs. In Fig. 8 we show the effect of ⑀ B on the components of the radius of gyration associated with the block A for a fixed chain stiffness. The less adsorbing block B hampers the block A to be completely adsorbed at its characteristic adsorbing temperature. A complete adsorption of the block A only takes place when the whole chain is adsorbed. The behavior of the radius of gyration with the chain stiffness can be easily explained. Assume that a semiflexible diblock chain has a persistence length given by
where ␣ → 0.5 in the limit / T → ϱ. 22 Thus, we can model the chain as an ideal rodlike polymer of N / l p units which the radius of gyration is proportional to
where =3/͑d +2͒ is the Flory exponent that depends on the space dimensionality d. In Fig. 9 we analyze the scaling of RN − vs / T. For semiflexible diblock chains in the unadsorbed state, a slope of ␣͑1−͒ = 0.2 is expected; whereas in the adsorbed state ͑inset of Fig. 9͒ , the system becomes twodimensional and ␣͑1−͒ = 0.125. Both regimes have been confirmed by our numerical data.
B. Block-copolymer chains
In this section we shall study the adsorption process of block copolymers formed by a repeated sequence of N / ͑2␣͒ units A ␣ B ␣ . In Fig. 10 we have plotted the averaged adsorbed energy per monomer for different stiff copolymer structures generated by changing the value of ␣. The rest of the parameters for this figure are fixed to = 10, N = 200, ⑀ A = −1, and ⑀ B = −0.5. In order to compare with previous results, the diblock structure and a homopolymer formed by A-type monomers are also included. As in the diblock case, ͉E͉ / N → 1/2͉⑀ A + ⑀ B ͉ in the limit 1 / T → ϱ, corresponding to a fully adsorbed chain. It is remarkable to note that the two-step adsorbing process observed in the diblock case, that determines the existence to two characteristic adsorbing temperatures T cA and T cB , vanishes for small values of ␣. As a result, a single peak in the specific-heat data is expected.
The corresponding specific heat for the same polymer structures analyzed in Fig. 10 is shown in Fig. 11 . For A 100 B 100 ͑diblock͒ we can clearly observe two peaks whose location identifies the characteristic adsorbing temperatures of blocks A and B. Particularly, T cA Ͼ T cB since ͉⑀ A ͉ Ͼ ͉⑀ B ͉. By reducing the value of ␣, T cA becomes smaller and, at the same time, T cB increases. For ␣ = 20 the peak associated with T cB is residual, and for the A 5 B 5 copolymer structure there is only a single peak whose location is clearly dominated by the monomers with higher adsorption energy. The adsorption becomes then a single-step process like the one observed in homopolymers. At this stage, the block structure is lost and the polymer chain could be replaced by a collection of blobs containing each 2␣ monomers with an adsorbing energy
The characteristic adsorption temperature for the block A, T cA , as a function of the block size ␣ for different chain rigidities is plotted in the inset of Fig. 11 . As expected, T cA increases with the chain stiffness and with ␣. The position of the arrows indicate the value of T cA for a homopolymer of the same length and rigidity, composed of A-type monomers only. For completeness, we have also included the results for random AB copolymers ͑we have assigned to them, arbitrarily, ␣ = −5 in the inset of Fig. 11͒ . We can conclude that random AB copolymers behave similarly as A 1 B 1 copolymers.
Another magnitudes of interest in order to characterize the behavior of block copolymers are the number and length of chain trains. A train is defined as a set of consecutive monomers in the chain, all of them being adsorbed onto the surface. The typical train length L t is obtained as the averaged number of monomers within a train; and the number of trains N t is the averaged number of trains within a chain. In Fig. 12 we have plotted L t vs 1 / T for different blockcopolymer structures and rigidities. The rest of parameters have been fixed to N = 200, ⑀ A = −1, and ⑀ B = −0.5. As expected, a reduction in temperature increases the train length. Surprisingly, the change in L t is apparently barely affected by the chain structure and it seems to be dominated only by the stiffness. As it was pointed out by Kramarenko et al. 23 in his study on homopolymer chains, a stiff chain has high disadvantage of bending, thus, the neighboring monomers of an adsorbed monomer increase their probability of being adsorbed. Therefore, we must expect that stiff chains will contain less number of trains but of major length. However, if we look in detail into what happens within the deadsorbedadsorbed transition region ͑see inset of Fig. 12͒ , we realize that the chain structure does matter. The fact is that by increasing the block size ␣, the length of the train, at a given temperature, is also increased.
Whereas, L t is a monotonous increasing function of 1 / T, N t must display a completely different behavior. At high temperatures ͑1/T → 0͒ the chain is nearly deadsorbed and N t → 0. Below the characteristic adsorption temperature ͑T Ӷ T c ͒ the chain becomes almost fully adsorbed and N t → 1. Thus, N t must have a maximum value. This maximum takes place at T = T c , as it is shown in Fig. 13 . Thus, while cooling the system the number of adsorbed monomers increases generating new trains of small length. The number of trains becomes maximal at the characteristic adsorbing temperature and, a further reduction in temperature, promotes the new adsorbed monomers to link trains rather than generating new ones, thus reducing its number but increasing their length. Figure 13 also shows that the maximum number of trains at T c increases for copolymers with smaller block size ␣. This result is expected to be even more pronounced as the difference in the adsorbing energies ͉⑀ A − ⑀ B ͉ increases. In Fig. 13 we can observe clearly two peaks in the curve corresponding to the copolymer A 50 B 50 in agreement with the two maxima found in the specific-heat data ͑Fig. 11͒. This result is another indication that the adsorption process takes place in two steps. The inset plot of Fig. 13 shows the behavior of N t for a given structure ͑A 1 B 1 ͒ but with two differ- 14 If we set one of the adsorbing energies to be repulsive, for instance, ⑀ B ജ 0, the polymer does not adsorb completely for a temperature small enough. In fact, B-type monomers are repelled from the surface and the trains are composed basically by A monomers. As a result, for copolymers with a small block size, N t reaches a plateau value that depends on ␣ and the chain stiffness . The results for ⑀ B = 0, and copolymer structures A 1 B 1 and A 5 B 5 with different rigidities, are shown in Fig. 14 . This behavior is similar to one found by Zheligovskaya and Khalatur 14 for flexible A 1 B 1 copolymers.
IV. CONCLUSIONS
In this paper we have presented the results of extensive off-lattice Monte Carlo simulations of the adsorption of semiflexible block copolymers onto flat homogeneous surfaces. The adsorption process has been analyzed under different chain lengths ͑N͒, degrees of stiffness ͑͒, adsorption energies for the two types of monomers ͑⑀ A , ⑀ B ͒, and sizes of the block structure ͑␣͒.
We have focused first in the adsorption of diblock structures. As expected, stiffer chains adsorb at a higher temperatures onto the surface, similarly to what is observed for semiflexible homopolymers. 22 However, long diblock chains are found to exhibit a well-defined two-step adsorption transition, characterized by two typical adsorption temperatures that depend on the corresponding adsorption energies T c ͑ , ⑀͒. The critical adsorption properties have been analyzed assuming the scaling ansatz proposed by Kramarenko et al., 23 originally developed for flexible homopolymers. The scaling works nicely when applied to each bock separately, but the critical exponent is no longer = 0.59. This nonuniversal behavior was already expected by Kuznetsov and Sung 5 and Gomper, 37 suggesting = ͑ , ⑀͒. The adsorption behavior of each block is barely disturbed by the presence of the other, independently of the adsorption energies. This result indicates the possibility to extend the analytical predictions of model of Whittington 11 to stiff diblock chains even in the case where none of the adsorbing energies is equal to zero. The radius of gyration has been computed in the adsorbed and nonadsorbed states and we have verified that it follows the expected scaling behavior ͓Eq. ͑8͔͒.
For stiff block-copolymer structures we have found that the separation between the two peaks in the specific-heat data, identifying the characteristic adsorption temperatures, narrows for smaller values of the block size ␣. For ␣ small enough we found a single peak and adsorption becomes a single-step process like in homopolymers. We have measured the length and the number of chain trains during the adsorption transition. The train length is found to increase monotonically with the block size ␣ and with 1 / T, whereas the number of trains has a maximum value ͑previously observed in the adsorption of flexible homopolymers 15 ͒ located at T = T c . We found the maximum number of trains to decrease with increasing ␣. The observed effects of the chain stiffness over the chain trains may be of interest for further studies related to pattern recognition.
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